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HYGROTHERMAL  INFLUENCE  ON  DELAMINATION  BEHAVIOR 
OF  GRAPHITE/EPOXY  LAMINATES 
Amar  Garg  and  Ori  Ishal 

NASA  Ames  Research  Center,  Moffett  Field,  California 

ABSTRACT 

The  hygrothennal  effect  on  the  fracture  behavior  of  graphite/ epoxy 
laminates  has  been  investigated  as  part  of  an  overall  effort  to  develop 
a  methodology  for  damage-tolerance  predictions  in  advanced  composite 
materials*  Several  T300/934  laminates  were  tested  using  a  number  of 
specimen  configurations  (double  cantilever,  compact  tension,  and  cracked 
lap  shear)  in  order  to  evaluate  the  effects  of  temperature  and  humidity 
on  delamination  fracture  toughness  under  Mode  I  and  Mode  II  loading. 

The  specimens  were  exposed  to  different  humidity  levels  and  temperatures 
for  varying  periods  of  time  prior  to  testing.  The  pre-exposed  specimens 
were  tested  under  room  conditions,  and  fracture  energies  during  initia¬ 
tion  and  propagation  were  estimated.  Acoustic  emission  was  used  to 
detect  crack  initiation.  It  was  indicated  that  moisture  has  a  slightly 
beneficial  influence  on  fracture  toughness  or  critical  strain  energy 
release  rate  during  Mode  I  delamination,  but  has  a  slightly  deleterious 
effect  on  Mode  II  delamination  and  Mode  I  transverse  cracking.  The 
failed  specimens  were  examined  by  SEM  and  topographical  differences  due 
to  fracture  modes  were  identified.  The  effect  of  moisture  on  fracture 
topography  could  not  be  distinguished. 


INTRODUCTION 


Delaulnatlon  ha.  long  been  racognlaed  aa  ona  of  the  najot  faflote 
~<l..  In  flbat-relnfotced  conpoalt.  Mterlala.  In  genatal.  dalaMnation 
«11  occur  prior  to  failure  in  l^tinetea  loaiei  either  »cnotonically  or 
cyclically  and  la  the  neat  prevalent  llfe-llmtlng  growth  node  ri-ll. 

A  latanate  when  loaded  to  failure  My  have  aeveral  poaelbla  danage  Mdea 
(4)  but  only  a  few  actual  failure  mode.  (2).  Initial  oameg.  occur,  aa 
•etrl,  cracking  In  plla,  having  a  algniflcant  tenalle  atrea.  perpendicular 
t.  the  fiber,  (l.e.,  the  90"  pllea).  Ihla  event  1,  generally  referred 
to  a,  flrat-ply-failnre.  the  procea.  of  matrlx-cteck  initiation  con¬ 
tinue,  in  the  90-  pile,,  end  In  other  off-axl,  pile,  e.  the  load  1. 
monotonlcally  Increaaed  or  cycled.  Once  matrix  cracking  achieve,  ,.tura- 
tlon.  crack  coupling  or  lnc.rf.cl.1  debondlng  begin,  which  may  then 
culminate  In  delamlnatlon  growth.  Ihl,  latter  pheae  of  damage  occuple, 
a  .ejor  portion  of  the  fatigue  life  of  a  component.  Although  delamlna- 
tlon  doe,  not  elwaya  lead  to  Immediate  or  cateatrophlc  tellure  of  a  com¬ 
ponent.  It  may  .Ignlflcantly  alter  atructur.l  performance,  the  impor¬ 
tance  of  underatendlng  and  predicting  delamlnatlon  behavior  In  the 
aervlce  envlronmant  I,  obvloua,  and  the  effect  of  emiature  combined  with 
temperature  may  be  critical  during  the  Initial  damaga  .tag,. 

One  of  the  earlier  work,  to  predict  the  on,et  of  edge  delamlnatlon 
wa,  that  Of  O'Brien  I5J  who  u.ed  a  ,l.pl,  .n.ly.1.  b.,.g 

reduction  during  delamlnatlon.  Ualng  thl,  method  and  the  experiment.! 
r..ult.  obtained  for  the  delamlnatlon  of  an  unnotched  (130/130/90/90), 
grephlte/epoxy  Imalnate.  he  aucce.afully  predicted  the  onaet  of 


\ 
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delamlnatlon  tn  [+45  /-45  /0„/90_)„  (n  -  1,  2,  3)  l-olnates.  He  also 
n  n  n  ns 

formulated  a  relationship  which  predicts  the  propagation  of  delamination 
during  cyclic  loading. 

Law  [6],  using  a  finite-element  approach  and  a  mixed-mode  fracture 
criterion*  has  been  able  to  predict  the  onset  of  free-edge  delamination 
in  (♦25/90^)g  laminates  made  of  T300/93A  graphite /epoxy  material.  His 
predicted  results  agree  well  with  experimental  observations.  He  has 
concluded  that  thermal  residual  stresses  caused  by  cool-down  after  cure 
plays  a  significant  role  in  determining  fracture  load.  For  example,  it 
was  found  that  thermal  residual  stresses  contributed  approximately  50% 
and  20%  to  matrix  cracking  and  free  edge  delamination,  respectively. 

Kim  and  Soni  [7],  Crossman  and  Wang  [8],  and  Wang  (9)  have  also  success¬ 
fully  demonstrated  the  various  approaches  to  predict  onset  of  delamination. 

The  success  of  analytical  predictions  depends  upon  the  right  choice 
of  interlaminar  fracture  energies  which  must  be  determined  experimentally 
using  proper  specimens.  Since  there  is  no  standard  specimen  for  the 
study  of  the  delamination  fracture,  various  types  of  specimens  (I,  10-19) 
have  been  used.  The  double  cantilever  beam  (DCS)  specimen  for  Mode  I, 
and  the  cracked  lap  shear  (CLS)  specimen  for  Mode  II  (or  mixed  mode) 
appear  to  be  most  successful. 

Most  of  these  past  works  have  been  performed  using  dry  or  nearly 
dry  specimens  with  only  minor  attention  paid  to  the  hygrothermal  influ¬ 
ence  on  delamination  behavior.  In  contrast,  the  present  study  attempts 
to  characterize  the  effects  of  moisture.  Mode  I  and  Mode  II  interlaminar 
fracture  energies  using  DCB  and  CLS  specimens  have  been  determined  for 
dry  and  wet  conditions  and  are  presented.  Although  Mode  I  delamination 
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along  the  0/0,  0/90,  ano  +45/-45  Interfaces  was  studied,  only  the  data 
for  the  0/0  Interface  are  reported  here.  No  useful  data  were  obtained 
for  the  other  Interfaces  since  the  crack  w'andered  between  plies.  Addi¬ 
tionally,  a  minor  effort  is  made  to  characterize  transverse  cracking 
under  Mode  I  loading. 

EXPERIMQITAL  PROCEDURE 

Test  specimens 

A  double  cantilever  beam  (DCS)  specimen  of  a  design  si  liar  to  that 
used  by  Wilkins  [1]  was  used  to  study  Mode  I  delamination.  This  speci¬ 
men,  shown  schematically  in  Fig.  1,  consisted  of  a  25-mm  wide  and 
230-mm  long  coupon  bonded  at  one  end  to  hinged  tabs  for  the  application 
of  load  perpendicular  to  the  Interlaminar  layer.  Initiation  of  delamlna- 
tlon  along  the  interlaminar  layer  was  accomplished  by  the  insertion  of  a 
piece  of  mylar  tape,  0.025-mm  thick  and  30-mm  wide,  between  the  appro¬ 
priate  plies  at  the  time  of  fabrication.  Three  types  of  layups  were 

prepared  —  (OJjq,  and-  (0]2g  ~  with  the  mylar  tape  located  at 

mid-thickness . 

Transverse  cracking,  perpendicular  to  the  interlaminar  layer  and 
parallel  to  the  fibers  under  Mode  I  loading,  was  studied  using  a  50-mm 
wide  compact  tension  (CT)  specimen  of  the  type  recommended  by  ASTM  E399 
[20)  for  metallic  materials.  The  specimens  were  notched  parallel  to 
fibers  using  a  diamond-impregnated  wire  saw  approximately  0.2  mm  in 
diameter.  A  single  [0]^^  laminate  was  used  in  this  Investigation. 

Mode  II,  or  mixed  Mode  I  and  Mode  II,  loading  was  investigated 
using  a  cracked-lap-shear  (CLS)  specimen  shown  in  Fig.  2.  The  specimen 


4 


was  23^mi  wide  and  230-inm  long  having  the  lay-up  as  shown  in  the  figure. 

A  mylar  tape  was  Implanted  between  plies  6  and  7  using  the  same  proce¬ 
dure  as  previously  described  for  the  DCB  specimens. 

Environmental  exposure 

All  specimens  were  dried  at  70®C  under  vacuum  until  no  additional 
weight  loss  was  observed.  Following  drying,  some  specimens  were  immersed 
in  70®C  water  and  some  were  exposed  to  a  70®C/50X  relative  humidity 
condition.  Specimens  with  different  asoisture  levels  were  tested  at  room 
temperature.  In  addition,  a  few  dry  (OIjq  specimens  were  tested  at 
127*C  after  presoaking  at  this  temperature  for  about  2  hr. 

Test  method 

Double  cantilever  beam  specimens  were  tested  under  displacement 
control  using  a  120  Newton  load  cell  on  a  50  KN  standard  servo-hydraulic 
test  machine.  The  specimens  were  originally  loaded  to  initiate  and  grow 
a  crack  about  50-mm  long.  Load  was  then  applied  at  a  constant  crosshead 
displacement  rate  until  the  crack  grew  some  distance.  The  specimen  was 
unloaded  and  the  process  was  repeated  to  achieve  the  desired  delamination 
growth.  The  crosshead  speed  was  0.08  mm/sec  for  short  cracks  and  was 
increased  to  0.25  mm/sec  for  longer  cracks  (beyond  *^90  mm).  Loc.J  was 
recorded  as  a  function  of  crosshead  movement.  In  addition,  delamination 
growth  for  (0]^^  and  [O)^^  specimens  was  monitored  by  acoustic  emission 
(AE).  The  AE  cystem  was  set  at  90  dB  overall  gain,  and  the  RKS  was  con¬ 
tinuously  recorded  during  the  crack  growth,  and  AE  counts  were  read  from 
a  visual  display. 

The  cracked-lap  shear  specimens  were  also  tested  under  displacement- 
control  conditions  at  a  constant  crosshead  displacement  rate  of 


6.35>tlO"®  m/sec  on  the  50  KN  test  system.  Specimen  extension  about  the 
notch  was  measured  using  an  extensometer  with  152-mm  gage  length.  Curves 
of  axial  load  vs  extension  were  recorded  on  an  X-Y  plotter  as  a  function 
of  crack  length.  An  optical  microscope  was  used  to  observe  the  crack 
extension.  Acoustic  emission  was  also  used  to  monitor  the  crack  initia¬ 
tion  and  propagation. 

The  compact  tension  specimens  were  tested  in  a  similar  manner  to  the 
above  except  a  smaller  load  cell  was  used.  Load  vs  ram  displacement  was 
recorded.  Tests  were  performed  at  room  temperature  in  a  laboratory  air 
environment  and  at  127 ®C. 


here  P  is  the  critical  load  at  which  the  crack  initiates,  C  is  the 
c 

specimen  compliance,  a  is  the  crack  length,  and  W  is  the  specimen 
width.  The  parameter  SC/3a  is  the  slope  of  the  C  vs  a  curve.  The 
compliance,  C,  is  the  slope  of  load-displacement  curve  and  is  defined  as 

c  -  I  (2) 


where  P  is  the  applied  laod,  and  6  is  either  opening  displacement  of 
double  cantilever  beam  specimen  for  Mode  I,  or  the  extension  for  cracked 
lap  shear  specimen  for  mixed  mode  loading. 
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Mode  i  delaBination 


The  DCB  specimen  used  In  the  present  study  can  be  considered  as  two 
cantilevers,  joined  at  one  end,  l.e.,  at  the  crack  tip.  Substituting 
the  load-displacement  relationship  for  such  beams  [1]  in'^  Eqn.  (1), 

Mode  I  critical  strain  energy  release  rate  or  fracture  toughness,  G 
can  be  written  as 


3oa*P* 
_ _ c 

'Ic  2W 


where 


Equation  (3)  was  derived  assuming  a  linear  elastic  behavior  without 
shear  deformation.  For  such  an  assumption,  a  plot  of  compliance,  C, 
vs  a'  should  be  a  straight  line.  Such  a  plot .  using  typical  data  from 

the  present  study,  is  shown  in  Fig.  3.  As  can  be  seen,  the  cubic  rela¬ 
tionship  is  valid  and  the  assumption  of  linear  elastic  behavior  is 
correct.  It  is  obvious  from  Eqn.  (3),  that  if  the  fracture  toughness. 
Cj^.  is  to  be  independent  of  crack  length  a,  then  the  critical  load. 

must  be  inversely  proportional  to  a.  Typical  data  from  the  present 
study  are  shown  in  Fig.  4.  It  can  be  seen  from  this  figure  that 
log  P  vs  log  a  is  a  straight  line  leading  to  the  relation: 


P^  «  - 
c  a 


where  B  is  the  constant  of  proportionality.  Substituting  Eqn.  (5) 
into  Eqn.  (3),  we  obtain  the  expression  for  fracture  toughness: 

c  ,  .  Mi  . 

Ic  2W 


Mode  II  delamlnatlon 

To  estimate  Mode  II  delamination  fracture  toughness,  compliance  for 
various  values  of  crack  length  a  was  obtained  from  load-displacement 
curves  and  is  shown  in  Fig.  5.  From  this  figure  the  value  of  3C/3a 
was  determined.  This  along  with  the  critical  load,  P^,  determined  from 
the  load  vs  displacement  curves  yields  from  Eqn.  (1).  The  calcu¬ 
lated  is  tiie  sum  of  all  the  components  of  C  for  Modes  I,  II, 

and  III.  It  was  observed  that  the  experimental  values  of  critical  load 
Pj.,  correspond  to  crack  advancement  along  the  centerline  of  the  specimen, 
where  Mode  III  effects  disappear.  Because  of  this.  Mode  III  effects  can 
be  ignored.  For  such  a  case,  by  using  finite  element  analysis,  Wilkins 
(IJ  has  shown  that  Mode  II  contributes  to  about  75Z  of  the  total  strain 
energy  release  rate  and  remaining  25Z  is  contributed  by  Mode  I.  Thus, 
Mode  II  strain  energy  release  rate  is  approximated  by 


'lie  ■  'c 

Transverse  cracking 

The  critical  stress  intensity  factor  for  compact  tension 

specimen  of  an  isotropic  material  is  given  by  (20J 

P 

t  A? 


(7) 


■  -7i 


(8) 


where  P^.  is  the  critical  load  to  failure,  and  a,  t,  and  W  are  notch 
depth,  specimen  thickness  and  width,  respectively.  The  function  f(a/W) 
is  given  by 

'(s)  •  -  ‘»5-5  f  *  «S.7(i)’  -  1017.0g)‘  .  638.9@)']  . 


(9) 
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For  a  homogeneous  orthotropic  linear  elastic  material,  the  strain 
energy  release  rate.  Gj,  for  a  crack  lying  along  a  plane  of  symmetry  Is 
related  to  the  stress  Intensity  factor,  Kj,  by  the  expression  (21) 

(10) 

where 


]l/2 

* 


(11) 


The  values  Ejj,  v^j,  and  are  the  engineering  elastic  constants 

of  the  material. 


RESULTS  AND  DISCUSSIONS 

Typical  load-displacement  curves  for  Mode  I  delamlnatlon  In  DCB 
specimens  are  shown  In  Figs.  6  and  7  for  dry  and  wet  conditions,  respec¬ 
tively.  It  Is  seen  that,  for  dry  laminates,  the  curves  are  linearly 
Increasing  until  the  onset  of  delamlnatlon.  Beyond  this  point,  the  load 
slowly  decreases  as  the  crack  propagates,  whereas  the  specimens  ((OJjj) 
which  were  exposed  to  70'C/water  for  62  days  (w  =  2.U)  and  were  almost 
saturated,  behaved  somewhat  different.  For  these,  the  load  displacement 
curves  are  Initially  linear,  but  tend  to  be  nonlinear  towards  the  maxi¬ 
mum  load.  Indicating  an  Increase  In  compliance  until  the  onset  of 
delamlnatlon.  This  latter  behavior  Is  similar  to  that  observed  In 
metallic  materials  where  the  deviation  from  linearity  Is  due  to  yielding 
or  to  the  plastic  zone  formation  around  the  crack  tip.  As  the  matrix 
of  the  laminate  Is  plasticized  (or  softened)  due  to  absorption  of  mois¬ 
ture,  the  nonlinearity  Is  attributable  to  matrix  yielding.  The  other 


phenomenon  observed  with  these  wet  specimens  is  a  sudden  delamination 
growth  and  a  drop  in  load  (Fig.  7).  This  behavior  Is  not  observed  in 
the  specimens  which  were  either  exposed  to  70’C/50t  RH  or  to  70’C  water 
for  a  short  time.  This  observation  suggests  that  the  rapid  fracture  in 
case  of  wet  specimens  is  the  result  of  prolonged  exposure  to  hot  water 
and  also  may  be  the  result  of  the  formation  of  some  weak  zones,  it  is 
noticed  from  optical  examination  of  the  fracture  surfaces  that  regions 

with  spontaneous  crack  growth  are  darker  than  are  regions  of  slow  crack 
growth  as  shown  in  Fig.  8. 

Acoustic  emissions  (AE)  responses  for  Mode  I  delamination  growth 
in  dry  and  wet  specimens  are  shown  in  Fig.  9.  Plotted  is  AE  response 
in  terms  of  RMS  voltage  as  a  function  of  time.  As  can  be  seen,  the  RMS 
amplitude  from  a  dry  specimen  is  higher  than  from  a  wet.  A  reduction  in 
RMS  output  due  to  moisture  content  has  also  been  observed  by  Hamstad 
(22].  This  indicates  that  the  moisture  absorption  in  graphite/epoxy 
causes  actentuation  of  the  AE  signal,  and  thus,  may  ser.e  as  a  useful 
NDT  tool  in  establishing  the  environmental  history  of  such  materials. 

The  number  of  counts  was  also  determined  during  delamination.  A  typical 
plot  of  AE  counts  vs  delamination  growth  is  presented  in  Fig.  10  for  a 
few  dry  specimens.  Counts  are  seen  to  be  linearly  increasing  with  the 
delamination  growth,  ia.  and  are  not  influenced  by  laminate  thickness. 
Moisture  seems  to  reduce  the  AE  counts  as  indicated  In  Fig.  11  which  is 
a  typical  plot  of  number  of  AE  counts  per  unit  crack  surface  area,  n, 
as  a  function  of  moisture  content  for  specimens  ([0],.)  exf-rsed  to  70*C 

water  n  «««ns  to  be  decreasing  almost  linearly  with  moisture  level  in 


Che  specimens.  A  summary  of  n  observed  for  Mode  I  del  onlnatlon  Is 
shown  In  Table  1 . 

Fracture  toughness  for  Mode  I  delamination  was  detarmlned  using  the 
load-displacement  curves  and  the  Eqns.  (2),  (4),  (5).  and  (6).  The 
values  of  determined  for  various  test  conditions  of  the  preoent 

study  are  summarized  in  Table  1.  The  variation  of  as  a  function 

of  moisture  content  is  shown  in  Fig.  12.  As  can  be  seen  from  the  table 
and  figure,  in  specimens  which  were  exposed  to  70*C/502:  Rh  exhibit¬ 

ing  absorbed  moisture  contents  up  to  0.5%  was  unchanged,  whereas  speci¬ 
mens  which  were  immersed  in  70“C  H^O  with  higher  moisture  content  shewed 
some  Increase  in  Gj^.  In  the  latter  case,  this  Increase  in  G^^  may 
be  the  result  of  plastification  of  the  matrix  as  a  result  of  moisture 
absorption.  In  the  former  case,  moisture  appears  to  have  not  penetrated 
the  delaminating  surface  and  it  remains  almost  dry.  An  Increase  in 
temperature  is  found  to  have  an  effect  similar  to  moisture  absorption, 
as  seen  from  Fig.  13.  Here,  G^^  is  seen  to  Increase  with  an  Increase 
in  temperature.  Once  again,  the  Increase  in  toughness  is  most  probably 
associated  with  an  Inciease  in  the  ductility  of  matiix  due  to  an  Increase 
in  temperature.  An  Increase  in  Interlaminar  fracture  toughness  due  to 
moisture  absorption  and  temperature  has  also  been  observed  by  Wlllclns 
118]  for  AS  3501-6. 

It  is  seen  from  the  results  sunsnarlzed  in  Table  1,  that  G  for 

Ic 

[0]j5  and  [OJjj  laminates  are  about  the  same  and  are  lower  than  that 
observed  for  [OJjj  laminates.  In  the  latter  case,  this  difference  is 
most  probably  due  to  some  fiber  involvement  as  suggested  by  the  somewhat- 
roughened  fracture  surface. 
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Table  2  is  a  summary  of  Mode  I  delamination  fracture  toughness 

obtained  by  other  investigators  for  a  number  of  composite  systems.  It  is 

seen  that  obtained  in  the  present  study  agrees  fairly  well  with 

Sc  similar  graphite/epoxy  systems.  Also  as  seen  from  Table  2  G 

’  Ic 

for  T300/934  is  between  that  for  T300/5208  and  AS  3501-6. 

In  order  to  compare  Mode  I  interlaminar  fracture  energy  to  that  observed 
for  transverse  cracking  along  the  fiber  direction  but  perpendicular  to 
interlaminar  plane,  a  few  compact  tension  (CT)  specimens,  [0],.,  notched 
parallel  to  fibers,  were  tested  in  both  the  dry  and  wat  conditions. 

Table  3  is  a  summary  of  this  data.  Comparing  these  data  with  those 
obtained  for  delaminatlon  (Table  I),  it  can  be  seen  that  transverse 
cracking  requires  almost  four  ti;iies  the  fracture  energy.  It  was  deter¬ 
mined  that  the  fracture  surfaces  from  transverse  cracking  were  consider¬ 
ably  rougher  than  that  observed  from  delamination.  In  transverse  crack¬ 
ing,  there  is  no  clear  interface  for  the  crack  to  follow  and  fiber 
involvement  is  the  apparent  cause  of  the  higher  fracture  energy. 

The  effect  of  moisture  on  transverse  fracture  energy,  as  seen  in 
Table  3,  is  to  reduce  Gj^.  This  is  in  contradiction  to  that  observed 
for  delamination  (Table  1).  This  change  in  the  environmental  influence 
appears  to  be  due  to  differences  in  the  fracture  mechanism.  Delamination 
la  dominated  by  matrix  fracture,  whereas  transverse  fracture  is  controlled 
both  by  fiber-matrix  interface  failure,  and  matrix  fracture.  It  must  be 
deduced  that  moisture-induced  reduction  in  transverse  fracture  toughness 
is  the  result  of  a  greater  weakening  of  th'i  fiber  matrix  interface  than 
the  increase  by  matrix  plastificatlon. 


Mixed-mode  delamination  was  studied  using  cracked-lap-shear  (CLS) 
specimens.  Typical  load-displacement  curves  from  these  specimens  are 
shown  in  fig.  14.  The  load-displacement  curves  are  seen  to  be  linear 
up  to  the  point  of  crack  initiation.  Beyond  this  point,  the  curves 
become  nonlinear  due  to  grack  growth.  No  difference  in  this  general 
behavior  was  observed  between  wet  and  dry  specimens.  Mode  II  delamina¬ 
tion  fracture  toughness.  is  shown  in  Fig.  15  as  a  function  of 

moisture  content  in  the  laminate.  Because  of  the  limited  number  of 
specimens  and  associated  scatter,  it  is  difficult  to  determine  whether 
fracture  toughness  is  changed  with  moisture  content.  However,  the  aver¬ 
age  value  of  for  the  wet  composite  is  about  IZZ  lower  than  that 

for  the  dry.  Similar  observations  have  been  reported  by  Wilkins  [18] 
for  AS  3501-6  and  T300-6K/V378A  and  are  shown  in  Table  4.  Similar  to  the 

results  for  for  T300/934  is  seen  to  lie  between  G„  for 

lie 

T300/5208  and  AS  3501-6.  These  results  indicate  that  the  system 

T300/934  is  more  brittle  compared  to  T300/5208.  but  less  brittle  when 
compared  to  AS  3501-6. 

The  fracture  surfaces  of  all  specimens  were  examined  using  a  scan¬ 
ning  electron  microscope  (SEM)  in  an  effort  to  identify  any  characteris¬ 
tic  morphological  differences.  SEM  fractographs  from  the  various  specl- 
ments  are  presented  in  Figs.  16  to  18. 

A  typical  fracture  surface  of  Mode  I  delamination  is  shown  in 
Fig.  16  and  strongly  suggests  Mode  I  delamination  is  matrix-dominated 
fracture.  The  dominant  feature  of  this  fracture  is  matrix  cleavage, 
indicative  of  a  tensile  fracture  of  a  brittle  material.  The  fracture  is 
marked  by  river  patterns,  chevron  markings,  and  a  cleavage-like  branched 
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structure  in  the  matrix  material  between  fibers.  The  river  pattern  and 
chevron  markings  are  similar  to  the  cleavage  fracture  patterns  observed 
in  metallic  materials  (27].  Tne  explanations  for  such  markings  have 
been  proposed  by  several  authors  (28-31].  It  is  important  to  note  that 
these  markings,  particularly  chevron  markings,  can  be  used  to  establish 
the  direction  of  crack  propagation  and  location  of  the  origin  of  crack¬ 
ing.  Another  feature  evident  in  Fig.  16  is  the  fiber  surface,  free  of 
matrix  residue,  indicative  of  a  weak  interfacial  bond.  This  was  not  a 
dominant  behavior  and  occurred  only  in  selected  areas.  Finally,  the 
fracture  surfaces  of  wet  specimens  failed  by  Mode  I  delamination  were 
similar  to  dry  specimens,  and  it  appears  that  the  moisture  makes  no 
significant  change  in  fracture  morphology. 

The  typical  fracture  surface  of  transverse  cracked  CTS  specimens  is 
shown  in  Fig.  17.  As  can  be  seen,  fracture  morphology  is  similar  to 
Mode  I  delamination  (Fig.  16),  but  with  more  fiber-matrix  interface 
debonding.  Again,  the  epoxy  fracture  surface  is  marked  by  features  such 
as  river  markings  and  branched  crack  structures  indicative  of  matrix 
cleavage  failure.  Again,  vet  specimens  indicated  no  morphological  differ¬ 
ences  from  dry. 

The  typical  fracture  surface  of  mixed  mode  interlaminar  fracture 
from  CIS  specimens  is  shown  in  Fig.  18.  The  fracture  surface  is  seen  to 
have  hackles  as  the  prime  feature,  indicative  of  shear  fracture.  The 
other  features  include  fiber  surfaces  free  of  matrix  residue,  feather 
patterns  with  a  fibrous  structure,  and  some  hills  and  valley  structures. 
The  wet  specimens  also  showed  features  similar  to  those  of  dry  and,  thus, 
moisture  did  not  affect  the  fracture  surface  morphology. 


CONaUSIONS 


The  major  results  of  this  study  are; 

1)  Interlaminar  fracture  toughness  in  Mode  I  de lamination  increases 
slightly  with  increased  moisture  content  and  increased  temperature  and 
is  most  probably  the  result  of  matrix  plastification.  Also,  increased 
toughness  appears  to  increase  with  surface  roughness  which  may  be  the 
result  of  increased  fiber  involvement. 

2)  Transverse  fracture  toughness  appears  to  decrease  slightly  with 
moisture  content  in  the  specimen  and  is  most  probably  the  result  of  a 
weakening  of  the  fiber  matrix  interface  bond. 

3)  Mode  II  fracture  toughness  appears  to  be  slightly  reduced  by 
increased  moisture  content. 

4)  Acouatlc  emission  can  be  used  to  detect  the  crack  initiation. 
Moisture  causes  the  attenuation  of  AE  output  and  a  reduction  of  the 
number  of  A£  counts. 

4)  Fracture  surfaces  exhibit  some  distinct  morphological  differences: 

(a)  Interlaminar  fracture  due  to  Mode  I  delamination  is  charac¬ 
terized  by  matrix  cleavage,  river  patterns,  chevron  markings, 
and  branched  crack  structures. 

(b)  Transverse  fracture  due  to  tensile  loading  is  characterized 
by  the  features  similar  to  those  observed  for  Mode  I 
delamination,  but  with  increased  amount  of  fiber  matrix 
Interface  failure. 

(c)  Interlaminar  fracture  due  to  Mode  II  delamlnatlon  is  charac¬ 
terized  by  extensive  epoxy  hackles,  fibers  free  of  matrix 
residue  and  hills  and  valley  structure. 
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6)  The  moisture  does  not  appear  to  significantly  Influence  the 
fracture  surface  morphology  of  Mode  I  and  Mode  II  delamlnation,  or  of 
Mode  I  transverse  cracking. 
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Table  i 


Lay-up 

Exposure 

Moisture  level 

Test 

^Ic, 

AE  count 
density,  n 
(counts /mm^ ) 

condition 

(%  water) 

condition 

(J/V) 

Dry 

0 

Room 

environment 

103 

572 

70*C/50S  RH 
(13  days) 

.44 

106 

395 

I0)i. 

70*C/50%  RH 
(98  days) 

.56 

106 

373 

70*C/H20 
(13  days) 

1.06 

128 

402 

70*0/8,0 
(62  days) 

2.  IX 

129 

281 

Dry 

0 

Room 

environment 

103 

- - 

127*C 
(2  hr) 

0 

127*C 

121 

10],, 

Dry 

0 

Room 

environment 

121 

537 

70*C/H;0 

1.50 

Room 

138 

284 

(109  days) 

environment 

Table  2 


S.  No. 

Material 

system 

Dry 

Cic 

(J/m") 

Wet 

Cic 

(J/rn^) 

Test 

method 

Reference 

1 

T300/934 

103 

129 

DCB 

Present  work 

2 

AS  3501-6 

130 

168 

Wilkins  [18] 

3 

T300/5208 

88 

Wilkins  et  ale  [1] 

4 

AS  3501-2 

155 

— 

Vanderkley  [17] 

5 

AS  3501-2 

128 

Cullen  [24] 

6 

AS  3501-2 

132 

— 

Whitney  [25) 

7 

T300-6K/V378A 

149 

152 

Wilkins  [18] 

8 

T300/V378A 

79 

Whitney  [25] 

9 

ASl/poIysulfone 

655 

— 

Whitney  [25] 

10 

Scotchply 

E  glass /epoxy 

525-1000 

Devltt  et  al.  [15] 

11 

Class  fiber 
polyester 

800 

950 

Width  tapered 
DfB 

Han  and  Koutosky 
[14] 

12 

Epoxy  (hexa- 
hydrophchalic 
anhydride 
DGEBA) 

116 

Bascom  et  al.  ( 10] 

Table  3 


Exposure 

condition 

Moisture 
level 
(X  water) 

(MPa  1^) 

c.v.^ 

(X) 

(J/^ ) 

c.v. 

(X) 

Dry 

70‘C/503:  RH 
(62  days) 

0 

0.89 

2.39 

2.19 

5.9 

2.9 

414 

345 

12.0 

5.7 

TO’C/HjO 
(58  days) 

1.5 

1.75 

2.7 

222 

5.5 

CeV.  coefficient  of  variation# 

22 


Table  4 


S.  Ko. 

Material 

ayscem 

Dry 

Cllc 

(J/m*) 

Wet 

Cllc 

Test 

method 

Reference 

1 

T300/934 

272 

239 

CLS 

Present  study 

2 

T300/5208 

ISA 

— 

CLS 

Wilkins  et  al.  (1] 

3 

AS  3501-6 

322 

294 

CLS 

Wilkins  [18] 

A 

T300-6K/V378A 

181 

149 

CLS 

Wilkins  (18] 
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TABLE  TITLES 

Table  I.  A  data  aiumnary  of  Mode  I  delamination. 

Table  2.  A  sunnary  of  Interlaminar  fracture  energies  observed  for  a 
nufflber  of  composite  systems* 

Table  3.  A  data  summary  of  transverse  cracking. 

Table  4.  A  summary  of  Mode  II  fracture  energies  observed  for  a  number 
of  composite  systems. 
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FIGURE  TITLES 


Fig*  i*  Double  cantilever  beam  (DCB)  specimen  used  for  Mode  1  loading. 

Fig*  2*  Cracked*lap*8hear  (CLS)  specimen  used  for  mixed  mode  loading. 

Fig.  3*  Typical  variation  in  compliance  with  delamination  length  for 
Mode  I  de lamination. 

Fig.  4  Typical  variation  in  critical  load  with  deiaminatior  length  for 
Mode  I  delamination. 

Fig*  5*  Typical  variation  in  compliance  with  delamination  length  for 
mixed  Mode  de lamination. 

Fig.  6.  Typical  load-displacement  curves  for  Mode  I  delamination  in  dry 
[0]^^  laminate. 

Fig.  7.  Typical  load-displacement  curves  for  Mode  I  delaxninatlon  in  vet 
(w  ■  2.IZ)»  (01x$  l^^nate  after  62  days  inanersion  in  70^C  water* 

Fig.  8.  Optical  micrograph  of  the  fracture  surface  of  wet  (w  ■  2.1Z)» 
[0]^^  laminate  formed  during  Mode  I  delamination*  Regions  of  rapid 
crack  growth  are  darker  than  regions  of  slower  crack  growth. 

Fig*  9  Typical  AE  response  during  delamination;  (a)  dry,  (b)  wet 
(w  =  2.1Z)* 

Fig*  10.  AE  counts  per  unit  specimen  width  as  a  function  of  delamin  ;tion 
growth  for  dry  specimens* 
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Fig.  11.  AE  counts  per  unit  crack  surface  area,  n,  formed  during  delam¬ 
ination  growth  in  [0]^^  laminates  containing  various  moisture  contents 
(exposure  -  70®C/water). 

Fig.  12.  Variation  in  as  a  function  of  moistuie  content  for  Mode  I 

delamination. 

Fig.  13.  Variation  in  as  a  function  of  temperature  for  Mode  I 

delardnation  in  dry,  laniinatcs. 

Fig.  14.  Typical  load  displacement  curves  for  mixed-mode  delamination 
using  cracked-lap-shear  specimens. 

Fig.  15.  Variation  in  a  function  of  moisture  content  for 

Mode  II  delamination. 

Fig.  16.  Typical  fracture  features  observed  under  Mode  I  delamination. 

Fig.  17.  Typical  fracture  features  associated  with  transverse  cracking. 

Fig.  18.  Typical  fracture  features  observed  under  mixed-mode  loading. 
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